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Abstract: Transforming growth factor β (TGF-β) signaling transduces immunosuppressive
biochemical and mechanical signals in the tumor microenvironment. In addition to canonical
SMAD transcription factor signaling, TGF-β can promote tumor growth and survival by inhibiting
proinflammatory signaling and extracellular matrix (ECM) remodeling. In this article, we review how
TGF-β activated kinase 1 (TAK1) activation lies at the intersection of proinflammatory signaling by
immune receptors and anti-inflammatory signaling by TGF-β receptors. Additionally, we discuss the
role of TGF-β in the mechanobiology of cancer. Understanding how TGF-β dampens proinflammatory
responses and induces pro-survival mechanical signals throughout cancer development is critical for
designing therapeutics that inhibit tumor progression while bolstering the immune response.
Keywords: TGF-β; cancer; immunosuppression; TAK1; mechanobiology; extracellular matrix;
tensegrity; DNA damage

1. Introduction
Transforming growth factor β (TGF-β) signaling can dampen immune responses during
cancer progression through biochemical and mechanical signal transduction pathways. Because
TGF-β receptors (TGF-βR’s) are found on several cell types, tumor-derived TGF-β can create a
pro-tumorigenic microenvironment by influencing the activity of surrounding leukocytes, endothelial
cells, and fibroblasts. The TGF-β superfamily consists of at least 33 genes [1], which are often grouped
into either the TGF-β-like family (TGF-β, activin, inhibin, nodal, and lefty) and the bone morphogenetic
protein (BMP)-like family (BMP, Growth Differentiation Factor (GDF), Anti-Müllerian Hormone
(AMH), and Müllerian Inhibiting Substance (MIS)) [2,3]. Downstream from these receptors, TGF-β can
activate SMAD-dependent and -independent biochemical pathways that promote tumor growth and
suppress the immune system [4]. However, these pathways are not constitutively active. TGF-β is
commonly expressed in a latent form and is activated following extracellular matrix (ECM) remodeling.
Subsequent TGF-β signaling increases the production of new ECM components. This homeostatic
feedback loop is critical for cancer growth. The ECM found within the tumor microenvironment
shapes cancer mechanobiology by simultaneously providing growth signals to the tumor cell while
suppressing the immune response.
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Despite its well-known immunosuppressive capabilities, TGF-β signaling has been shown to have
contrary effects on tumor growth during disease progression [5–7]. TGF-β family members display
anti- and pro-tumorigenic properties depending on the stage of tumor progression [8–11].
Early in disease progression, TGF-β appears to play an anti-tumorigenic role by hindering tumor
proliferation and metastasis. For example, in early stages of breast cancer, the TGF-β family member
BMP7 represses human telomerase reverse transcriptase (hTERT) through a BMP Receptor II- and
SMAD3-dependent manner. Chronic exposure of cancer cells to BMP7 has been shown to induce the
shortening of cancer cell telomeres and subsequent apoptosis [12]. TGF-β members can also act on
surrounding cells as cancer-associated fibroblasts to inhibit tumor progression and metastasis at early
stages of disease [13].
In contrast, TGF-β signaling takes on a pro-tumorigenic response in later stages of disease.
Elevated levels of TGF-β1 in advanced-stage breast cancers were associated with tumor size, decreased
tumor cell differentiation, epithelial to mesenchymal transition (EMT), and increased metastasis to
axillary lymph nodes [14–18]. EMT and more aggressive phenotypes of late-stage prostate cancers
were also associated with elevated TGF-β1 [19]. Inhibiting TGF-β1 receptors or their downstream
SMAD signaling at later stages of cancer enhanced chemotherapeutic action [20–22] and radiation
treatment effects [23,24]. Multiple TGF-β inhibitors have been evaluated in preclinical and clinical
trials and have been detailed in other reviews [25].
To understand the multifaceted roles of TGF-β in cancer, we review two ways TGF-β family
members promote tumor growth. TGF-β inhibits proinflammatory signaling in tumor-infiltrating
leukocytes and alters the mechanobiology of the tumor microenvironment.
2. TGF-β Inhibits Proinflammatory Signaling in Tumor-Infiltrating Leukocytes
Tumor-infiltrating leukocytes can both express and respond to TGF-β. Signaling through
TGF-βR’s can inhibit leukocyte proliferation, differentiation, and survival [1,26–29]. These effects
can be reversed in leukocytes such as macrophages and T cells following the inhibition of TGF-β
signaling [30,31]. Macrophages and T cells (Figure 1) can both produce and respond to TGF-β in the
tumor microenvironment.
Tumor-associated macrophages often exhibit an immunosuppressive M2 phenotype by expressing
interleukin 10 (IL-10), arginase-1, and TGF-β1 [32]. TGF-β1 can further inhibit expression of the
proinflammatory genes inducible nitric oxide synthase (INOS) and matrix metalloproteinase 12
(MMP-12) in these macrophages [33]. Macrophage-derived TGF-β was also shown to enhance EMT in
hepatocellular carcinoma [34] and metastasis in non-small-cell lung cancer [35].
In addition to macrophages, T cells also exhibit immunosuppressive phenotypes in cancer. Despite
the presence of tumor antigen-specific T cells in the tumor microenvironment, these cells usually
express markers of anergy and senescence [36,37]. Elevated TGF-β1 levels were shown to be associated
with increased CD4+CD25+FoxP3+ regulatory T cells (Treg), EMT, and more aggressive phenotypes in
prostate cancers [19,38]. TGF-β1 also induces Treg, Natural Killer T (NKT) cells, and Type 1 regulatory
T cell (Tr1) [38–42] and inhibits proinflammatory signaling in T cells [23]. TGF-β can inhibit several
proinflammatory signaling cascades in these leukocytes, but we focus on the role of TGF-β in inhibiting
proinflammatory biochemical pathways that induce TGF-β activated kinase 1 (TAK1) activation.
As a tumor grows and metastasizes, there is significant tissue damage, which causes the release
of proinflammatory cytokines that recruit leukocytes. Proinflammatory cytokines such as interleukin
1β (IL-1β) and tumor necrosis factor alpha (TNF-α) signal through transmembrane receptors to alert
surrounding cells of homeostatic stress. Along with the IL-1 receptor (IL-1R) and TNF receptors
(TNFRs), proinflammatory signals can be transmitted to leukocytes through Toll-like receptors
(TLRs) and antigen-specific receptors on T cells (TCRs) and B cells (BCRs). The immunosuppressive
capabilities of TGF-β have been extensively studied as an external pressure in the cancer setting. TGF-β
can dampen proinflammatory signals within infiltrating leukocytes via downstream transcription
factors called SMADs or through SMAD-independent pathways [4].
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Figure 1. T cells and macrophages exhibit immunosuppressive qualities in tumor microenvironments.
Figure 1. T cells and macrophages exhibit immunosuppressive qualities in tumor microenvironments.
Despite presence of macrophages (larger egg-like cell in scanning electron microscopy image taken
Despite presence of macrophages (larger egg-like cell in scanning electron microscopy image taken
by our group) and T cells (two smaller cells scanning the surface of the macrophage), transforming
by our group) and T cells (two smaller cells scanning the surface of the macrophage), transforming
growth factor β1 (TGF-β1) in the tumor microenvironment inhibited proinflammatory signaling in
growth factor β1 (TGF-β1) in the tumor microenvironment inhibited proinflammatory signaling in
these leukocytes.
these leukocytes.
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Figure 2. Transforming growth factor β (TGF-β) dampens anti-tumor proinflammatory signaling in
Figure 2. Transforming growth factor β (TGF-β) dampens anti-tumor proinflammatory signaling
infiltrating leukocytes through TGF-β activated kinase 1 (TAK1), nuclear factor kappa-light-chainin infiltrating leukocytes through TGF-β activated kinase 1 (TAK1), nuclear factor kappa-lightenhancer of activated B cells (NFκB), and mitogen-activated protein kinase (MAPK) modulation:
chain-enhancer of activated B cells (NFκB), and mitogen-activated protein kinase (MAPK) modulation:
tumor necrosis factor receptor (TNFR)-associated factor (TRAF) and TAK1 activity is regulated by the
tumor necrosis factor receptor (TNFR)-associated factor (TRAF) and TAK1 activity is regulated by
anti-inflammatory TGF-β receptor (TGF-βR) and proinflammatory interleukin 1 receptor (IL-1R),
the anti-inflammatory TGF-β receptor (TGF-βR) and proinflammatory interleukin 1 receptor (IL-1R),
TNFRs, T cell receptors (TCRs), and B cell receptors (BCRs). TGF-β signaling interferes with TRAF
TNFRs, T cell receptors (TCRs), and B cell receptors (BCRs). TGF-β signaling interferes with TRAF and
and TAK1 activation to alter NFκB signaling in tumor-associated leukocytes to blunt immune
TAK1 activation to alter NFκB signaling in tumor-associated leukocytes to blunt immune responses
responses during cancer progression. TGF-β modulation of the p38/JNK MAPK pathways and SMAD
during cancer progression. TGF-β modulation of the p38/JNK MAPK pathways and SMAD activity
activity also play a role in inhibiting proinflammatory signals.
also play a role in inhibiting proinflammatory signals.
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Mechanobiology links TGF-β, cancer cell survival, and inflammation [54]. In addition to chemical
cues from the environment, cells receive critical homeostatic information from the surrounding
ECM and neighboring cells through forces applied to adhesion receptors. One way mechanical
information can be transmitted is through transcription factors such as Yes-associated protein (YAP)
and Transcriptional coactivator with PDZ binding motif protein (TAZ), which can alter cell shape
and behavior [55–58]. The intersection of YAP/TAZ and TGF-β mechanotransduction signaling in
late-stage cancers has been linked to tumor invasion and fibrosis [59–62].
Remodeling of the ECM throughout cancer progression influences TGF-β signaling and
alters these mechanical forces. ECM-derived forces directly impact tumor growth, metastasis,
and immune evasion [63]. In mechanobiology, there is a bidirectional information flow between
cells and their extracellular environment, called dynamic reciprocity. This relationship between
cells and their extracellular environment dictates cellular proliferation, migration, differentiation,
and survival [64–69]. Mechanical information can be transduced by forces applied to physical linkages
between the extracellular environment and the DNA. This mechanical conduit consists of the following:

•
•
•
•
•

ECM;
cell adhesion receptors;
cytoskeleton;
nuclear membrane adaptors;
chromatin.

Many eukaryotic cells require adhesions and these other mechanical components to stimulate
growth and survival. Typical cells also inhibit their proliferation in densely packed environments.
However, cancer cells exhibit anchorage independence and lack density-dependent growth inhibition.
The ability of tumors to overcome these mechanical checkpoints may be due to elevated levels of
TGF-β signaling that strengthens dynamic reciprocity in the tumor microenvironment. We review how
TGF-β signaling influences the ECM structure and nuclear mechanobiology in cancer.
3.1. TGF-β and ECM
Dynamic reciprocity is exemplified by TGF-β activation and ECM homeostasis (Figure 3).
TGF-β proteins are produced by several cell types and secreted in an inactive form along with
latency-associated peptide (LAP), which associates with latent TGF-β binding proteins (LTBPs) [70,71].
These latent TGF-β complexes bind to ECM proteins, including fibrillins and fibronectins. TGF-β is
activated when LAP or the ECM is degraded during cancer, infection, or wounding [72]. Following a
mechanical cue that the ECM has been degraded, activated TGF-β family members (including TGF-β1,
BMP, activins, and growth differentiation factors) signal through TGF-βR to induce expression of
new ECM proteins [73,74]. After newly expressed matrix proteins are secreted, the remaining TGF-β
returns to its latent state. In addition to biochemical signals derived from TGF-βR signaling, ECM
degradation transmits mechanical signals to surrounding cells by releasing tension on cell adhesions.
These mechanical signals are influenced by TGF-β signaling and can change the nuclear shape and
gene expression in tumor cells [54,75,76].
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Figure 3. Transforming growth factor β (TGF-β) signaling is intimately linked with the
Figure 3.
Transforming growth factor β (TGF-β) signaling is intimately linked with the
mechanobiology of cells. Dynamic reciprocity is the concept of bidirectional influence of cells and
mechanobiology of cells. Dynamic reciprocity is the concept of bidirectional influence of cells and
their microenvironment, including adhesions to the extracellular matrix (ECM) and to surrounding
their microenvironment, including adhesions to the extracellular matrix (ECM) and to surrounding
cells. Physical linkages between the extracellular microenvironment are created by plasma membrane
cells. Physical linkages between the extracellular microenvironment are created by plasma membrane
adhesion receptors, the cytoskeleton, nuclear membrane KASH (Klarsicht, ANC-1, Syne Homology)adhesion receptors, the cytoskeleton, nuclear membrane KASH (Klarsicht, ANC-1, Syne Homology)and SUN (Sad1p, UNC-84)-domain proteins, and chromatin. KASH- and SUN-domain proteins bind
and SUN (Sad1p, UNC-84)-domain proteins, and chromatin. KASH- and SUN-domain proteins bind
to each other to form linker of nucleoskeleton and cytoskeleton (LINC) complexes that connect the
to each other to form linker of nucleoskeleton and cytoskeleton (LINC) complexes that connect the
cytoskeleton to the nucleoskeleton. TGF-β signaling plays an important role in this dynamic
cytoskeleton to the nucleoskeleton. TGF-β signaling plays an important role in this dynamic reciprocity
reciprocity at both the ECM and nuclear levels. Inactive TGF-β binds to latency-associated peptide
at both the ECM and nuclear levels. Inactive TGF-β binds to latency-associated peptide (LAP) or latent
(LAP) or latent TGF-β binding proteins (LTBPs) in the ECM. ECM degradation or remodeling relieves
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Figure 4. Extracellular matrix (ECM) interactions provide mechanical cues to infiltrating cells. ECM
Figure 4. Extracellular matrix (ECM) interactions provide mechanical cues to infiltrating cells. ECM
remodeling is required for tumor proliferation, metastasis, angiogenesis, and leukocyte infiltration.
remodeling is required for tumor proliferation, metastasis, angiogenesis, and leukocyte infiltration.
The image on the left shows a region with multidirectional bundles of collagen (arrows). The image
The image on the left shows a region with multidirectional bundles of collagen (arrows). The image
on the right shows highly organized bundles of parallel collagen fibers found in body (arrow). Dense
on the right shows highly organized bundles of parallel collagen fibers found in body (arrow). Dense
collagen networks such as these found in capsular regions of lymphoid tissue can be found within
collagen networks such as these found in capsular regions of lymphoid tissue can be found within
the tumor microenvironment. Collagen induced by transforming growth factor β (TGF-β) and other
the tumor microenvironment. Collagen induced by transforming growth factor β (TGF-β) and other
factors provide structural support to cancer cells and a physical barrier to leukocytes. (Transmission
factors provide structural support to cancer cells and a physical barrier to leukocytes. (Transmission
electron microscopy images taken by our group.)
electron microscopy images taken by our group.)
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information from the environment to the nucleus [93,95,97,98]. TGF-β can be activated by and
alter expression
of integrins during cancer progression [99–103]. Integrins and other cell8 ofadhesions
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The role of mechanical forces in gene expression and the physical linkages between the cell
adhesions and the chromatin (Figure 6) lead to the idea of chromatin as structural information.
With the development of new technologies such as Hi-C that use chromosome conformation capturing
methods [115], more emphasis is being placed on the importance of genome structure [116,117].
Genome architecture and chromosome domains are recapitulated through chromatin cross-linking
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Figure 6.
The cytoskeleton
alter
nuclear shape.
Cellofadhesions
are directly
linked to
the nuclear
lamina
and chromatin can
via the
cytoskeleton
and linker
nucleoskeleton
and cytoskeleton
(LINC)
lamina and chromatin via the cytoskeleton and linker of nucleoskeleton and cytoskeleton (LINC)
complexes. Forces applied to cellular adhesions have been shown to change nuclear shape and alter
gene expression. Deformations at the site of cytoskeletal attachment to the nucleus can be seen in the
four images above. As shown in these leukocytes, the fibrillar cytoskeletal elements are connected
directly to the nucleus (arrows), primarily at sites of darkened areas of heterochromatin. Microtubules
are organized at the centrosome, which contains centrioles. Microtubules are one type of cytoskeletal
protein that links adhesion receptors to the nucleus. The bottom right image shows a pair of centrioles
and their close proximity to the nuclear envelope (arrow). (Transmission electron microscopy images
taken by our group.)
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Cancer cells are continuously exposed to DNA damage, yet they persist with the help of TGF-β
signaling. TGF-β signaling modulates the DNA repair response and apoptosis in normal and cancerous
cells. Some reports have shown that TGF-β and SMAD signaling enhances the DNA damage response
to maintain genomic stability [121,122]; however, others have shown that CD44+ /CD24- cancer
cells with constitutively activated TGF-β signaling are defective in DNA repair, which makes their
genomes less clonal following dsDNA breaks [123]. SMADs have been shown to interact with p53
and also regulate transcription of other DNA repair enzymes [124]. Other reports indicate that TGF-β
signaling aids in tumor growth by inhibiting DNA-damage-induced apoptosis. Elevated TGF-β1
signaling has been shown to confer radioresistance following double-stranded DNA damage caused by
ionizing radiation [125]. TGF-β1/SMAD signaling inhibits p53 activation at both transcriptional and
translational levels and subsequent apoptosis in precancerous cells [126]. Therefore, the inhibition of
TGF-β1 signaling has been recommended as a possible avenue to promote cancer cell death following
genotoxic stress after radiation treatment [23,24].
In addition to DNA damage and genome integrity, the structure of the nucleus changes with tumor
behavior. ECM remodeling during cancer progression has been associated with nuclear deformations,
subsequent gene activation, and EMT [76]. These nuclear structural changes can occur as a result of
forces generated during ECM remodeling. During the early stages of cancer, the surrounding ECM
can be a hindrance, as dense fibrillar ECM obstructs tumor growth, metastasis, and angiogenesis.
Cancers need to degrade surrounding collagen by Matrix Metalloproteinases (MMP) and other
enzymes to overcome this physical hurdle [127]. In addition to collagen, disturbances in hyalectan
proteoglycans during cancer progression have been seen, along with the activation of a disintegrin-like
and metalloproteinase domain with thrombospondin 1 motif (ADAMTS) enzymes [128]. The degraded
matrix releases tension of the tumor cell, which can sense this mechanical signal and alter its gene
expression. This mechanical stimulus may be an influential step in EMT.
ECM stiffening during cancer progression is associated with matrix cross-linking or reorganization.
In the tumor microenvironment, ECM fibrils become organized in parallel directions. These fibrils
are referred to as “tumor-associated collagen signatures” (TACSs) and have been suggested to create
migration routes for metastasizing cancer cells [129] such as those used by leukocytes (Figure 7).
Migration through tissues with a dense ECM requires nuclear deformation and extension. This is seen
in both leukocytes and cancer cells and is one more example of how the nuclear structure can be altered.
The mechanical forces placed on the nucleus during migration may be critical for gene expression and
cellular differentiation not only in tumor cells and leukocytes, but for all developing cells.
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Figure 7. Parallel organization of extracellular matrix (ECM) fibrils can be used as migration tracts.
Figure 7. Parallel organization of extracellular matrix (ECM) fibrils can be used as migration tracts.
Transforming growth factor β (TGF-β)-induced fibrosis and ECM remodeling during cancer transmits
Transforming growth factor β (TGF-β)-induced fibrosis and ECM remodeling during cancer transmits
mechanical information from the tumor microenvironment directly to the nucleus of tumor cells,
mechanical information from the tumor microenvironment directly to the nucleus of tumor cells,
infiltrating leukocytes, fibroblasts, and endothelial cells. Some metastasizing cancer cells use parallel
infiltrating leukocytes, fibroblasts, and endothelial cells. Some metastasizing cancer cells use parallel
ECM fibrils, called “tumor-associated collagen signatures” (TACSs), similar to the collagen tracts
ECM fibrils, called “tumor-associated collagen signatures” (TACSs), similar to the collagen tracts
(arrows) used by the leukocytes shown above migrating through lymphoid tissue. (Transmission
(arrows) used by the leukocytes shown above migrating through lymphoid tissue. (Transmission
electron microscopy images taken by our group.)
electron microscopy images taken by our group.)
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5. Conclusions
The multifunctional cytokine TGF-β has been shown to have several pro-tumorigenic
actions during cancer progression. TGF-β signaling can mediate immune suppression through
SMAD-dependent and -independent pathways. TGF-β signaling can antagonize proinflammatory
signals emanating from immune receptors (IL-1R, TLR, TNFR, TCR, and BCR) by modulating
TRAF/TAK1, NFκB, and p38/JNK MAPK activation. In addition to classical biochemical signaling
cascades, TGF-β in the tumor microenvironment activates pro-tumor and anti-inflammatory
mechanotransduction pathways through ECM remodeling, cytoskeletal alterations, and maintenance
of DNA damage. Understanding how TGF-β signaling affects proinflammatory signaling and
cancer mechanobiology will be critical in designing therapeutics that inhibit tumor progression while
bolstering the immune response [25].
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Glossary
Mechanotransduction: Information transmitted from the extracellular matrix (ECM) or surrounding
environment to the cell via mechanical forces (e.g., tension, compression, and shear stress) [56,64,83]. Tensegrity:
The cytoskeleton stabilizes cell shape through continuous tension. Cell shape is maintained by a balance of
tensional forces derived from actin and intermediate filaments and their interactions with compression-resistant
microtubules and cell/ECM adhesions [66,67,69,93,95,96]. Dynamic Reciprocity: A concept describing the
interrelatedness of a cell and its extracellular environment. A cell receives signals from the surrounding ECM,
which can influence its expression of genes involved in ECM organization and composition [129].
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